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Research Objectives

The research carried out under this grant [1) considered the vibration

and control of a linear non-conservative dynamic systems described by

partial differential equations of the form

utt(xot) + Liut(xt) + L2u(xt) f(xt) on 0 (11 .... W.

Bu(x,t) =0 on WQ '~--

where L1 and 12 are time invariant partial differential operators defined

on a Hilbert Space, 14, consisting of all appropriately smooth functions

satisfying the boundary conditions, 0 is a bounded open region in

Rn , n= 1,2,3, with boundary aQ, t denotes the time, and u(x,t) is thq

deflection at the position x in 0. The subscript t denotes differentiation

with respect to the time, t. The boundary conditions are represented by

the time invariant partial differential operator B evaluated along the

boundary )Q. Further assumptions are made to insure the existence of a

solution of (1) of the form of a modal series.

The specific research objectives as listed in the original proposal (1)

are:

(1) Extend the theory developed in [2-41 to include those problems

which have non selfadjoint operators Li and L2 but rather for which there

exists an operator P defined on H such that the operators PLi are

selfadjoint.

(2) Use test functions to describe point actuators combined with

the oscillation theorem of [2] to develop tighter bounds on the residual

modes of the control problem and to extend these bounds to more general

non conservative systems.

The next section describes the extent to which these objectives have been

met.
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Accomolishments

Objective (1) has been partially met by the following theorem, which

will be presented at the 1985 CDC Meeting in December, which can be

stated for (1) and is described in more detail in the attached abstracts and

papers.

Theorem: If there exists a selfadjoint, positive definite operator P with

compact resolvent such that the product operators PL2 and P1, are non

trival selfadjoint operators with compact resolvent, then the stability

results and convergence results listed in [31 hold. Furthermore, the

physical condition of underdamped modes provides a physical

interpretation of the result by Gibson [3].

This result shows that modal control methods can be used in some non

selfadjoint cases. The physical problem known as a Phlueger's column

offers a non trival example of such a distributed parameter system.

Objective (2) has been more difficult to achieve and to date has only

yielded results primarily for finite dimensional approximations. Of course

the spirit of this work is to produce results based soley on the distributed

formulation, so that this work is viewed as preliminary. Results obtained

so far indicate that tight bounds can be found for the transcient response

of an approximate system. The bounds are stated in terms of the relative

values of the physical parameters of the system and can be shown to be

better than existing theories when the eigenvalues of the stiffness

operator are spread out and when the finite model has a large number of

modes. This is encouraging for the fully distributed case.

In the special case that the stiffness and damping operators

commute, simple, gross bounds can be found for the residual modes in the

control problem and are given in [51, a copy of which is appended.
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It has also been shown that the condition previously discovered by

Gibson [31 can be derived from the underdampng condition given in [4].

This condition insures that optimal control laws derived based on finite

dimensional models converge to optimal control for the full distributed

system and that the response is uniformly exponentially stable. The result

derived under this grant yields the physical interpretation that such

systems are underdamped (but damped) systems. Necessary and sufficient

conditions for the existence of "independent modal space control" are

given in [71.

Publication List

The following lists those publications and the abstracts appearing in,

or to appear in referred journals and proceedings representing work

performed under this grant and acknowledged as such:

* LIST I LUMPED PARAMETER SYSTEMS

S1. Ahmadian, M. and Inman, D.J., "Some Stability Results for General

Linear Lumped-Parameter Dynamic Systems, to appear in ASME

Journal of Applied Mechanics.
ABMRACT
A technique Isprosnted forstailltyof equilibrium of general Ilnear lumped-parameter
dynamic systems. Two Llapunov functions are used to develop stability conditions which eri
directly In terms of the mess, damping, and stlffness matrices. The significance of what Is
presented here Is twofold. First, It can be applied to general asymmetric systems.
Second, It offe rs direct conditions which can easily be programmed one digital computer to
handle large-order systems. many previously developed results, such as the KiTC theorem anc
Its extenslons, are mentioned. Next, It is shown that the present study mayprovide broader
applIcatlons In tfe gas that It Includes general system and off ers a more convenient
approach. Examples are used to illustrate the validity and applications of the prosonted

results.

2. Ahmadiant M. and Inman, D.J., 'On the Stability of General Dynamic

Systems Using a Ltapunov's Direct Method Approach", to appear in the

Journal of Computers and Structures.
ABMSTRACT
A teldmique Is presented forstudying the stability of equilibrium of linear
lunped-prumeter systems Involving gemel typesof forces such as dissipative,
n-ConRo tlve, gyroscopic, and lrculatmy. A modlflod approach to solving the Llpunov



euAtonis usedto provde functlonV whtichis exploited to presentdifferent stabllltU
crterial forthe equilibrium Of such systins. It was shown that this approach Is
advantageous to the solution of the Liapunov equton, since It is more computatlonally
attractive. Additlonally, this maybe used to detminle the effectsof different porameters
on the systems stability or to design a controllerfor an activel y controlled system. Several
prevousl y developed related works are studied and compared wlth this work. Furthermore,
examples are used to Illustrate the presented approach and some of its applications.

3. Ahmadian, M. and Inman, D.J., "Classical Normal Modes in Asymmetric

Non Conservative Dynamic Systems', AIAA Journal, Vol. 22, No. 7, July

1984, pp 1012-1015.
ABST ACT
The dynamicbehavior of a general lneardiscretesystem can be dscrlbed by the vector
differentlalequatlon

Mx(t) 4 Cx(t) + Kx(t) = 0

"where M,C, and K are mass, damping, and stiffness matrices, respectively. The usual
* treatment of these systems assumes that Eq. (1) is symmetric. Although this assumption 1s

justlfi ed for passive systems, In many problems of Interest In aeronautics, ship vibrations
-and active control of large space structures, Eq. (1) cannot be presented In a symmetric form

This motivates the study of the behavior and properti9s of this class of problems and also or
.-,- attempt to derive relations si ml larto those of symmetric systems.

4. Ahmadian, M. and Inman, D.J., "On the Nature of Eigenvalues of General

Non Conservaative Systems', in Journal of Applied Mechanics, Vol. 51,

No. 1, March 1984, pp. 193-194.
ABSTRACT
The dynamic behavlorof a general lumped-parameter system can be described by the vector
difforentialequation

ix(t) + C(t). Kx(t) 0 (1)

where M,C, and K are referred to as mees, damping, and stiffness matrices, and x(t)
repren ts the displacement vector. For pessive systems of the conventional type, the
matrices M, C, and K are symmetric positive-definite orsmidefiniti andanunber of
well-known theories hveibeen developed for such systems. One such theory Is that
dmloped by Inman and Andr" on the oscillatory behavior of a s ymmetric system Ill. It has
beenshown that similerto a single degree-of-freedom system the oscillatory nature of a
iyjnmetric multi degree-of-freedom Ystin can be predicted by forming a critical damping
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matrix (i.e., Ccr= 2(tt/ 2KH-1I'0/ 2) and studying the definiteness of the matrix

M-/2Ml/2 -Cr~r. Ierthesuperscrpt - 1/2ref ore to the inverveof the pouitive defnlte
square root, a positive-del initemaetrIx.

5. Inman, 0.. "Dynamics of Asymmetric Non-Conservative Systemso,

Journal of Applied Mechanics, Vol. 50, No. 1, 1963, pp. 199-203.
ABSTRACT

* Recently several authors 11-41 have considered the vibrati ors of asymmetric dynamicul
systemns which may be succesfull V modeled by a vector differential equation of the f ormn

Sx(t3 4 x(t) + Cx(t) = f (t (1)
* where A,9, and C are general real n x n matrices (lacking any parti culaor symmetryJ or
* defi nitemes) and where x(t) and f1t are n-dinmntonal column vectors of generlized

coordinates and forces,respectIvely. Problem 0 this type arise in vehcle dgnamics as
* well sIn the studyj of circulatorij systems and, as pointed out by Fawzy and Bishop 14 have
* not been property catereto.

*6. Ahmadian, M. and Inman, D.J., 'Closed Loop Stability of Large Space

Structures with Reduced Order Controllerse, to appear in the

Proceedings of the 5th VPI and SU Symposium Dynamics and Control

of Large Structures.
ABSTRACT
Modal truncation In the dynamic models of I arge space structures can c&Ase well -known
stabilitU problems whenthese modelsare used as the deslgnbasistfor active structural
control. In otherworxis, the asynptotic stability of a full -oreclosed-loop system cannot
necessarily be ensured by the asmptotic stability of the reduced-ordiermodel. The main

* goal of the present study Is to develop conditions which will ensure asymptotic stability of
the full-~r eclosed-loop system, whenthe reduced-orderclosed-loop system is
asymototically stable. A f inite dinmnional model of large space structures w~e exploited
here to provi de such cond ti ons. These condi tions are I n terms of the model ed and resi dual
sitrnatricas of the coef fiient metricestand may serve as a means of improving, or guiding,
the design of a reduced-order controller.

*7. DeCaro, S.M., and Inman, 04J., *Eigenvalue Placement and Stabillization

by Constrained Optimization", Proceedings of the JPL Workshop on

Identification and Control of Flexible Space Structures.
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ABSTRACT

A poleplacment algorithmis proposedwhich uses construlnednon-llnearoptiml zatlon
techniques one fInite dinSonoal model of a linear n degree or freedom system. Low order
feedback control Is assumed where rpoles maybe assigned; rbaing the rankof the sensor

coefficient matrix It Is shown that by combining feedback control theory methods with
optimization techniques, one can ensure the stability characteristics of a system, and can
alterltstranslent response.

8. Ahmadian, M. and Inman, D.J., 'Modal Analysis in Non-Conservative

Dynamics Systems", Proceedings of 2nd International Conference on

Modal Analysis, Vol. I, February 1984, pp. 340-344.
ABSTRACT

Thls work examines the existence and use of classical normal mods In the modal analysis

of general non-conservativestructures. Theuse of theoretical modal analysis has received
Increased attention In recent yearswith the advent and use or flexible structures both In
the fleldsof large structure control nd the control and design of flexible link robots.

The problems addressedhireore those resulting from systems which can bemodeled by
second orderllnearvectordilff erentl l equal one with constant coefflclmntmatrlces.

Specifically, conditions for theexIstence of classical normal modes In various classes of
problems as given by previous authors e compae, along wlth methods of calculating the

appropriate modal coordinates. In addition, modal analysls techniques forthose problems

which do not possm normal modes(I.e., systwns with quasi-normal modes) are discussed.

. 9. Inman, D.J. and Hsieh, C.I., "Controllability of Non-Self Adjoint

Flexible Systems", ASME Paper 803-WA/DSC-16, Winter Annual

Meeting, November 1903.

AB SRACT
The special structure of a siymetrIzable asymmetrlc metrix is used to study the

controllabIltyand observ blltyof finite dimensional modesof non self-adjoint flexible
structures. The conditionsare relatively simple to apply and require less computation than
usingthe standard controllability matri. The methodis illustrated by anexample.

LIST 2 DISTRIBUTED PARAMETER SYSTEMS

1. Inman, D.J., "Model Decoupling Conditions for Distributed Control of

Flexible Structures', AIAA Journal of Guidance Control and Dynamics,

July-August 1984.
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ABSTACT
The "Ianle of the control of distributed pai us @ter systems can be roughly divided Into twc

1) discretize the system in spect and then use finite dfimensional control theory; and 2) deal
with the distributed model directly without discretlilng. Recently, ftrovltcti and Bruft;
proosd a scheme f orth. optimal control of acertain class of conservative distributed
paranetur systems without resortingto discretization. Inperticular, they treated the
control of sel1-odjoint conservative systems having known elgensolutlons. It is the Intent
of this Note to point out that their results wre applicable toe more general class of
problems that Include$ nonconservative forces and to note that the neceary conditions are
avaellableforthe exstence of decoupl Ing control laws. Decoupling control'laws are defined

* to be those control laws dependent only on the modal state vector of tMh decoupled equation.
* This yields an infiniteset of Independent equations Including the feedback control.

-2. Inman, 04., OSymmetrizable Structures and Model Control", to appear

* in the Proceedings of the Second Symposium on Structural Control".
ABSTACT
This work exami nes the exent to which modal exp ansions exist for linear dyipaic systems
descrilbed by partial differential eiquations defined on a~ilbet space. Modal expensions, as

usedhere, ref erto the existence of a complete orthonormnal set of funlctions associated witt
the operators defining the class of system consideed It is shown that a certain class of
non-self-ed jolnt operators can be defined as being sell-edjolnt with respect to a given

* ~self -adj olnt operator. These product operators are then used to dat ine elgenfunction
* expansions and to exmnstfndard modal control methtods. A standard exampleof position

and velocity feedback control of a non-self-ad joint distributed structure Is gi ven(a damped
gensrallzsenugerscolumn).

3. Inm~n, 0.4., 'Finite Control of Undamped Distributed Parameter

Systems% Proceedings of the JPL Workshop on Identification and

Control of Flexible Space Structures.
* ABSTACT
* In thedevelopment of the theory of control for large flexible space structures, two

Important questions have been raised about the effectof using finite dimensional controls
* ~on Inherently diStribUtedpowmmeter strutures. The first question ralsedf[1!hascome to be
- known ascontrol spillover[2L Spillover can roughly be defined as the effect Of energy Odd@(
% to unmodeledn odsof aestructure by the action1Of control laws derived from Information

about the modeled modes only. More recently, the question of whether or not a control law
based on finite dimensonal approximati ons of the distributed system will converg to a

* control law which Is optimal for the f ull distributed parameter model has been rai Sed.
* ~Gibson (3lhas shown that the answerto this questionlisyes If enough du'npingI eled

72



The resut priene M ere, Shows that both of theseproblemns i.e. spillover and convergence,
ais ae 99i1 when thistr~buted parameter systemn under consideration Is underdamped

4. Inman, D.J., 'ritical Damping Complex Structures", to appear in the

Proceedings of the Air Force Vibration Damping Workshop, August

1984.I Aft-TRACT
This work examines the concept of cri tical damping norarll y defined for single degree of
freedom Systems as applied to more complex models of structures and theircontrol
systems. Here,complex mols refers tol1urmed mes modelswsuh is finite element models
(FEM), full distributed perimeter (DS) models (described by sets of partial differential
equations), h~ybrid syjstevns (systems with lumped and distribuited perameter elements, such
as pessivecontrol systemns) end active control system consisting of theabove mnentioned
models subject to position endvelocity feedback. Recnt work oncrltical damping of FEM
and OPS models is reviewed and applied tomore genral linear models.

5. Ng, C.K. and Inman, D.J., "Active Control of Decoupled Underdamped

Systems', Proceedings of the 25th Structures Dynamics and

Materi als Conference, May 1964, pp. 192-200.
* ABSTRACT

The Implementation ofte state feedback control for forea class of underdernpod distributed
* par ameter systems (DIPS) posessing classical normnal modes Is studied. In this control
* scheme, a continuous system In time and specs 1s reduced end decoupled Into aesufficiently

large but f ini te system described by Its ti me depenet harmonic or mada] amplitudes. This
model Is then divided Into two parts, the controlled and the residual (uncontrolled)
subsystems. Forth* contraoITed subsystem, control TabiIf ty andobsorvabt It ty condtions are
derived It 1s demonsttd that, In thenr, only one actuetorand one sensorarei requred tot
controllability and observability. In this case. these controlabi lty and observability
conditions are expressed simply as functi ons of ii gmnf uncti ons and elgenvalues of the BPS.

L The authors note that these results on control lability and observabi I Ity are consistent with
the results on more restricted models obtained byj previous Investigators. tipperbounds for
the residtial modal amplitudes of the DPS have been derived These bounds show that the
control spil faoer does niot destabilizetheg residual subsystem.

Associated Professional Personnel

The following is a list of graduate students, degree (degree sought),

* thesis title, and date awarded (excepted) for those student advised by the
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principal investigator during this grant period (July 1, 1983 to June 30,

1984) who worked on research related to the grant. Those students who

received some support from this grant are indicated by an asterisk. (all

are U.S, citizens, except Ahmadian)

Musiol, Irene, 'Bounds on the Forced Response of Distributed Parameter

Systems", M.S. Project, March 1984.

Schultz, Mark, "Study of Damper Placement for Beam Vibration Control',

M.S. Project, March 1984.

DeCaro, Sandra*, "Eigenvalue Assignment for Non-Conservative Dynamic

Systems', M.S. Thesis, Marcy 1964.

Ahmadian, Mehdi*, 'Dynamics and Control of Asymmetric Systems", Ph.D.

Dissertation, July 1984.

Yae, Kwang , Estimates of Decay Rates for Underdamped Distributed

Parameter Systems', Ph.D., Expected, 1986.

Zimmerman, David, "Digital Control of the NASA-UVS Proof Mass

Actuator, M.S. Thesis, April 1984.

Zimmerman, David, "Reliability Problems in Large Flexible Space

Structures", Ph.D. expected 1986.

Ghamine, George, 'Numerical Solutions of Asymmetric Systems', M.S.

Project, April 1984.

Cudney, Harley, "Digital Control of a Beam with Joint", M.S. expected 1965.

Ebbing, David, "Damping in Composite Materials', M.S. Thesis expected

1984-05.

Hendrickson, William, "Normal Modes in Composite Materials', M.S. Thesis

1985.

Duke, Patricia, "Dynamic Stiffness of Control System", M.S. Thesis

expected 1905.

Wan, K.W., "Control of Systems with Temperature Dependent Parameters',

Ph.D. expected 1988.
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Tyiock, James, 'Noise Control Experiments', M.S. Thesis expected

September 1985.

Lee Glauser, Gina, "Experimental Verification of ERA', M.S. Thesis expected

December 1985.

Belos, John, 'Non-Normal Mode Systems', M.S. Thesis expected December

1985.

Interactions

The following is a list of presentations made or to be made by the

principle investigator at conferences, meetings, and seminars

representing work performed under the grant during the period from July 1,

1982 to June 30, 1985.

'Control and Vibrations of Non-Selfadjoint Distributed Parameter

Systems', Seminar Series Department of Electrical Engineering,

Univeristy of Rochester, October 1983.

'Modal Control of a Class of Non-Selfadjoint Systems', SIAM 1963

Fall Meeting, Norfolk, Virginia, November 1983.

'Controllability of Non-Selfadjoint Flexible Systems", ASME 1963

Winter Annual Meeting, Boston, Massachusetts, November 1983.

'Vibration and Control of Large Flexible Space Structures', Seminar

Series Department of Mechanical Engineering, Ohio State University,

January 1984.

'Vibration and Control of Space Structures', Western New York High

Technology Lecture Series, Bufalo, New York, January 1984.

'Modal Analysis in Non-Conservative Dynamic Systems", 2nd

International Conference on Modal Analysis, Orlando, Florida, 1984.

"Critical Damping in Complex Structure', Air Force Vibration -3
Damping Workshop, Long Beach, California, February 1984.

'Active Control of Decoupled Underdamped Systems', 25th Structures

Dynamics and Materials Conference, Palm Spings, California, May

1984.
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"Microprocessor Control of the NASA-UVA Proof Mass Actuatoro, AIAA

Dynamics Specialist Conference, Palm Springs, California, May 1984.

Trequency Domain Analysis of a Plate with Discrete Elements

Attached", Dynamics Specialist Conference, Palm Springs,

California, May 1984.

"Eigenvalue Assignment by Constrained Optimization, JPL Workshop

on Identification and Control of Flexible Space Structures, San Diego,

California, June 1984.

*Finite Control in Underdamped Distributed Parameter Systems', JPL

Workshop on Identification and Control of Flexible Space Structures,

San Diego, California, June 1984.

"Research in Distributed Parameter Control Theory', AFOSR Forum on

Large Space Structures, McLean, Vlrignia, June 1984.

"Modes and Critical Damping in Asymmetric Linear Dynamic Systemso,

XVI ITACM, Lyngby, Denmark, August 1984.

'Decay Rates for Linear Dynamical Systems', Invited, 21st Society of

Engineering Science Meeting, 8lacksburg, Virginia, October 19083.

'Flexible Space Structure Control", Seminar Series, Clemson

University, Clemson,South Carolina, October 1984.

'Control of Large Space Structures', System Theory Seminar,

University of Minnesota, Minneapolis, Minnesota, November 1984.

'Controllability and Observability of Flexible Gyroscopic Systems"

21st Annual Society of Engineering Science Meeting, October 1984.

'On the Stability of General Linear Dynamic Systems" 21st Annual

Society of Engineering Science Meeting, October 1984.

"Controlling Flexible Structures, Seminar Series, Stevens Institute

of Technology, Hobogen, New Jersey, November 1984.

'Definition of a Damping Ratio Matrix", 3rd International Conference

on Modal Analysis, January 1985.
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"Response Bounds for Damped Linear Systems", 26th Structures,

Dynamics and Materials Conference, April 1985.

"Non-Selfadjoint System, ICASE, NASA Langley Research Center, May

1985.

"Control of Symmetrizable Systems, Seminar Series, University of

Waterloo, Canada, June 1985.

"Dynamics and Control of Temperature Dependent Flexible Structures',

AFOSR Third Forum on Large Space Structures, July 1985.

'Modal Control of Symmetrizable Structures', 2nd International

Symposium on Structural Control, July 1985.

'Identification of a Damping Matrix from Modal Data', 5th VPI and SU

Symposium on Dynamics and Control of Large Structures, June 1985.
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